1.
Coordinate system for slender surface in a hypersonic the flow is compressed through an oblique shock wave. Conditions are assumed to be such that the shock wave is attached. Assuming no appreciable compressive turning of the flow downstream of this point, we find the approximate formula for the aerodynamic pressure on the upper surface to be pI-+ -(t*) 6(xt) 6n(t*)
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where 6(x, t) is the flow deflection angle at point x on the surface at the time t. The quantities pn(t*) and M n(t*) denote, respectively, aerodynamic pressure and Mach number immediately behind the leading edge shock wave, evaluated at the time t* = t -x/Uc. The flow deflection angle at the leadi edge is denoted by 6n. The pressure pn(t*) and Mach number Mn(t*) depend upon the flow deflection angle at the leading edge, at time t*, and the free stream conditions. They may be evaluated from the following formulae:
where 0 denotes the angle that the leading edge shock wave makes with the free-stream direction. These expressions are the approximate form of the oblique shock wave relations, and they are developed under the assumption that 
where -n and m are the dimensionless rates of change of pressure and Mach number with turning angle.
The expression for -n and m are obtained from the oblique shock wave relations:
Equations (3) 
) whe re F (X) =1 + A~1T(X) * when Eq. (6) is split into time -dependent and time -independent parts p'(x,t) and "j(x), the respective contributions are seen to be
where
The quantities n and V n are obtained from Eqs. (2) by replacing 6n with 0
Expansion Flow
In the case that the surface slope at the leading edge is negative, an expansion immediately takes place. Assuming no appreciable compressive turning of the flow downstream of the leading edge, we find that the approximate formula for the aerodynamic pressure on the upper surface is
The flow deflection angle is written as
, with
I i<<«181
and it is assumed that M E(X t)
Equation (8) is expanded and terms of order E2 and higher neglected so that
.M09(x)
-7-Equation (9) may be split into time-dependent and time-independent parts p'(xt) and f(x), respectively, where
and where 
and where
The barred quantities denote steady flow values. The unsteady aerodynamic pressure immediately upstream of the shock wave at xh is denoted by Ip, and the unsteady contribution to the flow deflection angle immediately downstream of this shock wave is denoted by Ec. In the above formulae both of these quantities are evaluated at the time tt = t -(x -xh)/Uco.
The quantity v is determined from the first-order expansion of the Mach number Mh about the steady flow value
The various terms appearing in Eq. (12) are dependent upon the flow conditions upstream of the shock wave at xh. If these flows are specified, then the equations can be reduced to a more explicit form. With a view to technical applications, two particular upstream flows are considered, namely, a shock expansion flow and an expansion flow.
Shock Expansion Flow Upstream
In this particular case, the analysis of the first portion of Section II can be employed to determine and v(t). Substituting these results into Eq. (12), we find the unsteady aerodynamic pressure to be p'x~)
The coefficients • 6 and *7 are evaluated immediately upstream of the shock wave at xh.
The coefficients J1 (x) and A 2 (x) are defined by Eqs. (7c) and (7d), respectively. The steady ilow aerodynamic pressure ph and Mach number Uh immediately upstream of the shock wave are
The steady flow Mach number 1Xc immediately downstream of the shock wave is determined using the appropriate form of Eq. (2b). By means of the above equations, the unsteady aerodynamic pressure downstream of the second shock wave can be related to the undisturbed flow conditions and the surface geometry.
Expansion Flow Upstream
In this particular case, the unsteady aerodynamic pressure is found Explicit expressions for the coefficients Gm are given in Appendix B. The argument x% indicates that the limiting function value as x -xh from above is to be employed, and the argument x 1 indicates that the limiting function value as x -xh from below is to be employed.
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Small Harmonic Motions
When the airfoil strip performs harmonic oscillations of frequency w, the unsteady displacement may be written w(K, t) -W(x)exp(i*t) 
Low-Frequency Oscillations
If the reduced frequency of oscillation k is sufficiently small, the exponential terms of argument -ikx/b and -ik(x -xh)/b which appear in the expressions for p*(x,t) may be approximated by power series expansions.
If terms of order k 3 and higher are neglected, then the expressions for the net unsteady aerodynamic pressure are found to be
where p*(x, t) = '*exp(iwt). The various loading cases are distinguished by the subscripts m, n, p, q, r, a. These subscripts are assigned as before.
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IV. OSCILLATORY AERODYNAMIC COEFFICIENTS
When the airfoil strip has specified degrees of freedom, it is possible to define aerodynamic coefficients. In the case to be considered, the airfoil is assumed to have a rigid chord and a rigid control surface. The airfoil motion may, therefore, be described by:
1.
The vertical displacement of the leading edge,
2.
The rotation of the airfoil strip about the leading edge,
3.
The rotation of the control surface about the hinge line (relative to the airfoil chord).
Considering harmonic oscillations, we obtain
twhere 1(x) denotes the unit step function.
The oscillatory aerodynamic coefficients Lh, La, LP, Mh, Ma, Mp, Th, Ta, and T are defined as follows:
where L, M, T denote lift, moment about the leading edge, and moment about the hinge line, respectively, generated on an airfoil strip of unit width.
-1?-These quantities are related to the aerodynamic pressure p*(x, t) by the following equations:~2
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The oscillatory aerodynamic coefficients are determined when the appropriate expression for p* is substituted into Eq. (25), the resulting equations integrated and then identified with Eq. (24).
ror the remainder of the analysis, it will be assumed that the reduced frequency of oscillation of the airfoil strip is small, so that
k2 << I
The approximate expressions (21) and (22), therefore, may be employed to determine the aerodynamic coefficients. Substituting Eq. (23) for the downwash in these expressions, we arrive at
p*(x, t -P Co [ H 3 (pq, r, a) + aH 4 (p,q, r, s) + PH 5 (p, r)]exp(iwt) (xh < x < Tb) (a d7)
The coefficients Hm are defined in Appendix B.
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These expressions are now substituted into Eqs. (25) and the resulting equations are integrated. Comparison of these results with (24) shows that the oscillatory aerodynamic coefficients are: -20-
The coefficients K are defined in Appendix B. They may be evaluated for given airfoil profiles. The parameters m, n,p, q, r, s identify the various airfoil and control surface orientations.
A numerical example will be carried out to illustrate the taeory. A flat-plate airfoil will be treated. The reduced frequency of oscillation is assumed to be small, and the low-frequency approximation is employed.
Numerical Example
Consider a two-dimensional flat-plate airfoil oscillating in two degrees of freedom, namely, pitching and plunging. If the airfoil is at zero initial angle of attack, then the nonlinear aerodynamic effects are absent and the aerodynamic coefficients derived from this theory should agree closely with 3 those obtained from the linearized supersonic theory.
The results of both theories, for M O 5 and for various values of k, are shown in Table I .
The agreement between the two sets of aerodynamic coefficients is very good.
The small differences that do appear arise from the quasisteady nature of the present theory together with the low-frequency and high Mach number approximations employed.
When the airfoil is at an initial angle of attack, the developrrment of a shock wave at the leading edge will affect the aerodynamic coefficients. The The boundary condition on the body becomes
Assuming that the flow processes are isentropic in shock-free regions, we may combine Eqs. (A-5) into the following form: The solution (A-I ) may be considered as the unsteady version of the shock expansion formula for the case of two-dimensional hypersonic flows over slender, pointed bodies a small angles of attack. To recapitulate briefly, this result was developed under the assumptions that
1.
The fluid is a perfect gas, 
